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N-TYPE SEMICONDUCTORS AND RELATED 
DEVICES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of US. patent application 
Ser. No. 11/043,814, ?led on Jan. 26, 2005, Which claims 
priority to and the bene?t of US. Provisional Patent Appli 
cation Ser. No. 60/539,133, ?led on Jan. 26, 2004, the disclo 
sure of each of Which is incorporated by reference in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention Was made With government support under 
Grant Numbers N00014-02-1-0909 and N00014-02-1-0381 
aWarded by the Of?ce of Naval Research, Grant Number 
MDA972-03-1-0023 aWarded by DARPA, and Grant Num 
ber DMR-0076097 aWarded by the National Science Foun 
dation. The government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

Organic semiconductors based on molecular and poly 
meric materials have become a major part of the electronics 
industry in the last 25 years as a complement to the shortcom 
ings of inorganic semiconductors. Most notably, organic 
semiconductors offer, With respect to current inorganic-based 
technology, greater ease in substrate compatibility, device 
processability, ?exibility, large area coverage, and reduced 
cost; as Well as facile tuning of the frontier molecular orbital 
energies by molecular design. A key device used in the elec 
tronic industry is the ?eld-effect transistor (FET) based on 
inorganic electrodes, insulators, and semiconductors. FETs 
based on organic semiconductors (OFET) may ?nd niche 
applications in loW-performance memory elements as Well as 
integrated optoelectronic devices, such as pixel drive and 
sWitching elements in active-matrix organic light-emitting 
diode (LED) displays. 

The thin-?lm transistor (TFT), in Which a thin ?lm of the 
organic semiconductor is deposited on top of a dielectric With 
an underlying gate (G) electrode, is the simplest and most 
common semiconductor device con?guration. Charge-inj ect 
ing drain-source (D-S) electrodes providing the contacts are 
de?ned either on top of the organic ?lm (top-con?guration) or 
on the surface of the FET substrate prior to the deposition of 
the semiconductor (bottom-con?guration). The current 
betWeen S and D electrodes is loW When no voltage is applied 
betWeen G and D electrodes, and the device is in the so called 
‘off state. When a voltage is applied to the gate, charges can 
be induced into the semiconductor at the interface With the 
dielectric layer. As a result, the DS current increases due to the 
increased number of charge carriers, and this is called the ‘on’ 
state of a transistor. The key parameters in characterizing a 
PET are the ?eld-effect mobility (p) which quanti?es the 
average charge carrier drift velocity per unit electric ?eld and 
the on/off ratio (lonzlo ) de?ned as the D-S current ratio 
betWeen the ‘on’ and off states. For a high performance 
OFET, the ?eld-effect mobility and on/off ratio should both 
be as high as possible. 

Most of the OFETs operate in p-type accumulation mode, 
meaning that the semiconductor acts as a hole-transporting 
material. HoWever, for the full development of the ?eld of 
organic semiconductors, high-performing electron-transport 
ing (n-type) materials are needed as Well. For most practical 
applications, the mobility of the ?eld-induced charges 
should, optimally, be >0.1-1 cmZ/Vs. To achieve high perfor 
mance, the organic semiconductors should also meet or 
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2 
approach certain criteria relating to both the injection and 
current-carrying phenomena, in particular: (i) HOMO/ 
LUMO energies of individual molecules (perturbed by their 
placement in a crystalline solid) at levels Where holes/elec 
trons may be added at accessible applied voltages, (ii) a 
crystal structure of the material With suf?cient overlap of the 
frontier orbitals (m stacking and edge-to-face contacts) for 
charge migration among neighboring molecules, (iii) a com 
pound With minimal impurities as charge carrier traps, (iv) 
molecules (in particular the conjugated core axes) preferen 
tially oriented With their long axes close to the FET substrate 
normal, as ef?cient charge transport occurs along the direc 
tion of intermolecular J'lZ-J'IZ stacking, and (v) uniform coverage 
of the crystalline semiconductor domains betWeen source and 
drain contacts, preferably With a ?lm having preferably With 
a ?lm exhibiting a single crystal-like morphology. 
Among n-type organic semiconductors used in OFETs, the 

class of arene core diimides is one of the most investigated. 
The ?rst report on a diimide-based PET was on a series of 

naphthalene tetracarboxylic diimides, folloWed by reports of 
perylene tetracarboxylic diimides. Over the years, chemical 
modi?cation and tailoring of the imide position has resulted 
in the production and testing of a library of diimide-based 
materials. HoWever, such compounds have been found gen 
erally to be unstable in air and have solubility characteristics 
less than satisfactory for ef?cient device fabrication. 

SUMMARY OF THE INVENTION 

In light of the foregoing, it is an object of the present 
invention to provide n-type semiconductor compounds and/ 
or devices and related methods for their use, thereby over 
coming various de?ciencies and shortcomings of the prior art, 
including those outlined above. It Will be understood by those 
skilled in the art that one or more aspects of this invention can 
meet certain objectives, While one or more other aspects can 
meet certain other objectives. Each objective may not apply 
or apply equally, in all its respects, to every aspect of this 
invention. As such, the folloWing objects can be vieWed in the 
alternative With respect to any one aspect of this invention. 

It is an object of this invention to provide one or more of the 
present polycyclic aromatic mono- and/or diimide com 
pounds core- sub stituted With one or more electron-Withdraw 
ing moieties or groups, and/or the radical anions electro 
chemically generated therefrom. 

It is another object of the present invention, in conjunction 
With the preceding, to provide such compounds With a range 
of available electron WithdraWing N-substituted moieties, 
groups and/ or substituents. 

It is another object of this invention to incorporate any one 
or more of the present compounds into a range of device 
structures including but not limited to organic light-emitting 
diodes, ?eld-effect transistors, and photovoltaic devices. 

It is another object of the present invention to use com 
pounds of the type described herein to enhance oxidative 
stability and/or loWer reduction potential(s) of such com 
pounds, as compared to un-substituted polycyclic com 
pounds of the prior art. 

Other objects, features, bene?ts and advantages of the 
present invention Will be apparent from this summary and 
descriptions of various embodiments, and Will be readily 
apparent to those skilled in the art having knoWledge of 
n-type semiconductor materials, related device structures, 
and use thereof. Such objects, features, bene?ts and advan 
tages Will be apparent from the above as taken into conjunc 
tion With the accompanying examples, data, ?gures and all 
reasonable inferences to be draWn therefrom, alone or With 
consideration of the references incorporated herein. 



US 7,982,039 B2 
3 

This invention relates to mono- and diimide perylene and 
naphthalene compounds functionaliZed at core and imide 
positions With varying moieties for improved solubility and 
radical anion stability, While maintaining strong J'lZ-J'IZ interac 
tions. The choice of moiety or functional group can vary as 
described herein but can take into consideration three factors: 
1) electron-Withdrawing capability, 2) capability of attach 
ment to the J's-conjugated core, and/or 3) potential for 
increased solubility of the compound for solution processing. 
Such compounds and related methods can be employed to 
enhance associated device (e.g., OFET) performance. 
As described beloW, electronegative or electron-Withdraw 

ing functionalities, such as cyano substituents and ?uorinated 
moieties, When substituted (e.g., N- or core substituted) on 
highly conjugated naphthalene or perylene structures are 
shoWn to improve electron inj ection-presumably, but Without 
limitation, by facilitating formation of charge carriers in the 
form of radical anions. To illustrate such effects, a represen 
tative series of cyano-substituted perylene imidesiWith loW 
reduction potentials, high solubility, and interesting optical 
characteristicsiWas synthesized. In particular, such core 
functionaliZed perylene diimide derivatives demonstrate 
large chemical/thermal stability and strong J'lZ-J'IZ intermolecu 
lar interactions. Accordingly, these compounds and others of 
the sort described herein can be used in the fabrication of 
OFETs and related device structures. 

Without limitation as to any one device structure or end-use 
application, the present invention can relate to n-type semi 
conductor compounds of a formula selected from 

R9 

0 N o 

R3 R2 

R4 Q R1 
R5 I R8 
R6 R7 

0 N 0 
R10 and 
R9 

| 
o N o 

R3 R2 

R4 0 R1 
R5 I R8 
R6 R7 

R1 1 R12 

Wherein each of Rl-Rs, R11, and R12 can be independently 
selected from H, an electron-Withdrawing substituent and a 
moiety comprising such a substituent. Electron-Withdrawing 
substituents include but are not limited to nitro, cyano, qua 
ternary amino, sulfo, carbonyl, substituted carbonyl and car 
boxy substituents. Associated moieties can be but are not 
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4 
limited to alkyl, substituted alkyl, cycloalkyl, substituted 
cycloalkyl, aryl, substituted aryl, polycyclic aryl and substi 
tuted polycyclic aryl moieties. Without limitation, such moi 
eties and associated electron-Withdrawing substituents can be 
selected from CnF2n+l, CnH2F2n_l and C(O)R (e.g., R:H, 
alkyl, CMFZM+1 or CnH2F2n_l) groupsias Would be under 
stood by those skilled in the art and made aWare of this 
invention. At least one of R1 -R8, Rl 1, and R12 is selected from 
one of such substituents and/or associated moieties. R9 and 
R10 are independently selected from H, alkyl, substituted 
alkyl, cycloalkyl, substituted cycloalkyl, aryl, substituted 
aryl, polycyclic aryl and substituted polycyclic aryl moieties. 
Any such moiety can comprise one or more of the aforemen 
tioned electron-Withdrawing substituents. For example, With 
out limitation, certain substituted alkyl moieties can include 
CMHZMI, CMFZMI, CnH2F2n_l and the like. Further, one or 
more methylene (iCHZi) or methene (4CH:) compo 
nents of any such alkyl or aryl moiety can be substituted With 
a heteroatom (e.g., O or N) to provide the corresponding 
substituted moiety (e.g., ether, amine, polyether, polyamine 
and corresponding heteroaromatic moieties). 

In certain other embodiments, at least one of R1, R4, R5, R8, 
R11, and R12 can be either an electron-Withdrawing substitu 
ent or a moiety comprising such a substituent. In certain other 
embodiments, such electron-Withdrawing sub stituents can be 
selected from ?uorine and sub stituents having a Hammett 0+ 
valueZOS. Without limitation, at least one of R1, R4, R5 , R8, 
R11, and R12 can be a cyano substituent. In certain other 
embodiments, as discussed more fully beloW, such cyanated 
compounds can be di- or tetra-substituted, as shoWn in the 
folloWing representative structures. 

R9 

0 N 0 

NC I 
I CN 

0 N 0 
R1 0 

R9 

0 N 0 

NC I CN 

0 N o 
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-continued 
R9 

O N O 

NC CN 

NC CN 

O N O 
R10 

Regardless of core substitution, in certain embodiments, at 
least one of R9 and R10 can be selected, optionally, ?uoro 
substituted, regardless of any particular pattern or degree or 
core substitution. 

Likewise, Without regard to any particular end-use appli 
cation, this invention canbe directed to composites of the type 
incorporated into a range of device structures. Such a com 
posite can comprise a suitable substrate; and a semiconductor 
component, With or Without the presence of any additional 
functional layer, ?lm or component therebetWeen. Such a 
semiconductor component can comprise a compound of a 
formula selected from 

R9 

0 N o 

R3 R2 

R4 0 R1 
R5 I R8 
R6 R7 

0 N 0 
R10 and 
R9 

| 
o N o 

R3 R2 

R4 Q R1 
R5 I R8 
R6 R7 

R1 1 R12 
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6 
such compounds N- and core-substituted, as described above. 
In certain embodiments, such a composite can be incorpo 
rated into an OFET or another device structure. Regardless, 
core substitution can be used to enhance oxidative stability 
and/or to loWer the reduction potential(s) of such a com 
pound, as compared to unsubstituted perylene compounds of 
the prior art, and improve device performance. 

In part, the present invention can also be directed to n-type 
semiconductor compounds of a formula selected from 

R9 

0 N o 

R3 R2 and 

R4 R1 

o N 0 
R10 

R9 

0 N o 

R3 R2 

R4 R1 

R11 R12 

wherein R1 -R4, Rl 1, and R12 are independently selected from 
H and a cyano sub stituent, such that the compound is dicyano 
substituted. R9 and R10 can be independently selected from H 
and moieties of the type described above in conjunction With 
various representative perylene compounds, such moieties as 
can be further substituted With one or more electron-With 

draWing substituents of the sort described herein. Such com 
pounds can be used as illustrated beloW for enhanced oxida 
tive stability and/or to loWer the reduction potential of such 
compounds as compared to unsubstituted naphthalene. 

With respect to compounds, composites and/or methods of 
this invention, the compounds can suitably comprise, consist 
of, or consist essentially of any one or more of the aforemen 
tioned substituents and/ or moieties. Each such compound or 
moiety/substituent thereof is compositionally distinguish 
able, characteristically contrasted and can be practiced in 
conjunction With the present invention separate and apart 
from one another. Accordingly, it should also be understood 
that the inventive compounds, composites and/or methods, as 
illustrated herein, can be practiced or utiliZed in the absence 
of any one particular compound, moiety and/or substituenti 
such compound, moiety and/ or sub stituent Which may or may 
not be speci?cally disclosed or referenced, the absence of 
Which may not be speci?cally disclosed or referenced. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. Electronic absorption and ?uorescence (inset) 
spectra of the indicated compounds in toluene. Fluorescence 
spectra were obtained following excitation at 480-490 nm. 

FIG. 2. Electronic absorption spectra of CNPMI and 
CN3PMI in butyronitrile containing 0.1 M Bu4NPF6 and 0.1 
M Bu4NClO4, respectively, following controlled potential 
electrolysis at —0.9 and —0.3 V vs SCE, respectively. 

FIG. 3. Electronic absorption spectra of CN2PDI_ and 
CN2PDI2_ in DMF containing 0.1 M Bu4NClO4 following 
controlled potential electrolysis at —0.1 V vs SCE and at —0.6 
V vs SCE, respectively. 

FIG. 4. Selected non-limiting dicyano compounds, 
tCN2PDI and cCN2PDI. 

FIG. 5. UV-vis absorption and photoluminescence (PL) 
spectra of tCN2PDI and cCN2PDI. 

FIG. 6. X-ray diffraction data on a CN2 PDI thin-?lm 
grown at room temperature and at a 90° C. substrate tempera 
ture. 

FIG. 7. AFM analysis of CN2PDI thin ?lms grown at 
substrate temperatures of 25° C. and 90° C. 

FIG. 8. SEM analysis of a CN2PDI thin ?lm grown at 90° 
C. substrate temperature. 

FIG. 9. PET current-voltage characteristics of CN2PDI 
under different positive gate-source biases in vacuum, N2, in 
air after 12 hours, in air after 5 days. 

FIG. 10. Schematic illustration of a spectroelectrochemical 
cell of the type used herein to characterize compounds of this 
invention. 

FIG. 11. CN2PDI (IO-5M) in dry DMF, ambient oxygen 
(solid line). Progressive increase over 15 min. of CN2PDI'“ 
spectrum while N2 is bubbled into the cuvette (all other lines). 

FIG. 12. Crystal structure of PDI-FCN2 a) viewed along 
the unit cell diagonal, showing stacking relationships; ?uo 
ropropyl groups deleted for clarity; b) viewed along the ab 
face diagonal, showing the segregation of arene and ?uoro 
alkyl groups. Note the statistical disorder of the cyano sub 
stituents. 

FIG. 13. a) I-V characteristics of PDI-CN2 exhibiting a 
mobility of 0.10 cm2V_1s_l in ambient atmosphere b) I-V 
characteristics of a PDI-FCN2 FET exhibiting a mobility of 
0.64 cm2V_1s_l in ambient atmosphere. 

FIG. 14. A graphic representation of the longevity and 
stability available from an OFET comprising a PDI-FCN2 
thin ?lm, showing minimal change in mobilities during 
cycling. 

FIG. 15. TGA scan of FCN2 PDI and CN2PDI at 2 Torr. The 
temperature ramp rate is 1.5° C./min. 

FIG. 16. SEM micrographs of 50 nm thick ?lms of a) 
PDI-FCN2 deposited on a 1° C. HMDS-treated Si(100) sub 
strate and b) PDI-CN2 deposited on a 90° C. HMDS-treated 
Si(100) substrate. 

FIG. 17. Tapping mode AFM images of a) PDI-FCN2 
deposited on Si(100) at 1 10° C. and b) PDI-CN2 deposited on 
Si(100) at 90° C. 

FIG. 18. Thin ?lm ®-2® X-ray diffraction from PDI-FCN2 
and PDI-CN2 ?lms deposited on Si(100) at 110° C. and 90° 
C., respectively. Re?ections are assigned for PDI-FCN2 from 
the single crystal diffraction data. 

FIG. 19: I-V Curve for an organic transistor comprising a 
semiconductor ?lm of PDI-8CN2 deposited at 130° C. 

20 

25 

30 

35 

40 

50 

55 

60 

65 

8 
DETAILED DESCRIPTION OF CERTAIN 

EMBODIMENTS 

Various features and bene?ts of this invention can be illus 
trated through the preparation and characteriZation of certain 
non-limiting n-type semiconductor compounds, such as the 
following mono-cyano (CN) di-cyano (CN2) and tri -cyano 
(CN3) mono-imide (MI) and diimide (DI) perylene com 
pounds. Such compounds and their electrochemically-gener 
ated radical anions are shown to serve as stable, photochemi 
cal oxidants in a range of novel photonic and electronic ?lms, 
materials and related device structures. 

RO 

O 

NC 

.N GO 
RO 

CNPMI 
R I 3,5-di-te1t-butylphenyl 

NC 

O 

NC 

.N OD 
NC 

CN 

< > O 0 0 O < > 
N N 

o 0 

NC 

CNZPDI 

The immediate precursors to such cyanoperylenes are the 

corresponding bromo derivatives: N,N-dicyclohexyl-1,7-di 
bromoperylene-3 ,4 : 9, 1 0-bis(dicarboximide), N- (2,5 -tent 
butylphenyl)-9-bromoperylene-3,4-dicarboximide, 
N-(2,5 -tert-butylphenyl)-1 ,6,9-tribromoperylene-3 ,4-dicar 
boximide, which are readily synthesiZed in high yields by 
direct bromination of the parent hydrocarbons. Classical cya 
nation procedures using CuCN in re?uxing DMF failed to 
produce the desired cyano compounds. In all three cases this 
procedure resulted in signi?cant yields of debrominated 
products. Recently, Zn(CN)2 or CuCN in the presence of a 
Pd(0) catalyst has been used to 

and 
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TABLE 1 

Photophvsical and Electrochemical Properties 

Mb: (nm) Mm Es ET1/2 E2T1/2 
compd 6 (M’1 0In") (11m) (6V) ¢F (V) (V) 

CNZPDI 530 545 2.30 1.0 -0.07“ -0.40“ 
47000 

CNPMI 515 541 2.35 0.91 -0.73b -1.14b 
61000 

CN3PMI 522 554 2.30 0.83 -0.19“ -0.72(1 
60000 

“Butyronitrile + 0.1 M Bu4NClO4. 
bButyronitrile + 0.1 M Bu4NPF6. Electrochemical potentials vs SCE absorption spectros 
copy, even When they are in the presence of other perylene derivatives. 

convert bromoarenes into cyanoarenes in excellent yields. 
The Zn(CN)2 method Was used to quantitatively convert all 
three bromoperylene derivatives to the corresponding cyano 
compounds, as described in the following examples. 

The ground-state absorption and emission spectra of the 
neutral molecules in toluene are shoWn in FIG. 1. The intense 

absorbance maxima for each of these chromophores are near 

500 nm and are only slightly shifted in Wavelength relative to 

those of unsubstituted PMI (512 nm) and PDI (526 nm) In 
addition to the usual vibronic progression present in each of 
these rigid aromatic molecules, the spectrum of CNPMI 
shoWs an additional band at 420 nm, Which is typical of 
1,6-bisphenoxylated PMI derivatives. The 420-nm and par 
tially obscures the second vibronic band of CNPMI at 450 nm 
The cyanated derivatives all ?uoresce With quantum yields 
¢F>0.8, determined relative to rhodamine 640 (Table 1). The 
absorption and emission features of these molecules are not 
solvatochromic, Which coupled With the high ?uorescence 
quantum yields suggest that their loWest excited singlet states 
possess little or no charge-transfer character. The energies of 
the loWest excited singlet states, E S, Were estimated by aver 
aging the energies of their absorption and emission maxima, 
Labs and 7» respectively. 

Cyclic voltammetry on the cyanated derivatives shoWs that 
the one-electron reduction potentials (E'U2 and E21 /2) of 
each molecule are more positive than those of the unsubsti 

tuted analogues (PMI: E- 1/2:—0.96, E2_1/2:—1.55 V; PDI: 
E_l/2:—0.43 V, E2_l/2:—0.70 V, all vs SCE)l3 (Table 1). 
CNZPDI and CN3PMI shoW exceptionally large positive 
shifts in redox potential. Spectroelectrochemical measure 
ments yield the electronic absorption spectra of the radical 
anions of CNPMI, CN3iPMI, and CNZPDI and the dianion 
of CN2PDI. 

The electronic absorption spectra of CNPMI" and 
CN3PMI'_ in butyronitrile (FIG. 2) shoW that the absorption 
characteristics of the neutral molecules are replaced by neW 
bands in the visible spectrum upon reversible electrochemical 
reduction of the chromophore to its radical anion. For 
example, the spectrum of CNPMI" is characterized by an 
intense absorption band at 644 nm, With minor bands at 480 
and 735 nm. The spectrum of CN3PMI'_ is similar to that of 
CNPMI" With an intense band at 595 nm and Weaker bands 

at 458 and 680 nm. These bands can be compared to the 

corresponding intense absorption of PMI'“ at 588 nm. 
FIG. 3 shoWs the electronic absorption spectra of 

CN2PDI'_ and CN2PDI2_ obtained by controlled potential 
electrolysis of CNZPDI, ?rst at —0.1 Vvs SCE and then at —0.6 
V vs SCE. At the more negative potential, CN2PDI'_ is 
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10 
cleanly and reversibly converted to CN2PDI2_ as noted by the 
isosbestic point at 650 nm. The intense absorption band of 
CN2PDI2_ at 691 nm is blue-shifted relative to that of PDI" 
at 712 nm, While the corresponding absorption band of 
CN2PDI2_ at 628 nm is red-shifted relative to that of PDl2_ at 
570 nm. The relatively sharp band-Width of these absorption 
features should make it possible to readily identify the pres 
ence of these radical anions and dianions as intermediates in 

electron-transfer reactions using transient absorption spec 
tro scopy, even When they are in the presence of other perylene 
derivatives . 

Under the synthetic preparation described, CNZPDI (or, 
alternatively, designated PDI-CN2, beloW) appears to be an 
approximately 50/50 mixture of tCN2PDI and cCN2PDI as 
shoWn by NMR. (FIG. 4) FIG. 5 shoWs optical spectra in a 
THF solution. By combining the electrochemical and optical 
data, absolute orbital energies can be estimated. LUMO ener 
gies can be determined from the ?rst reduction potentials and 
HOMO energies considering the optical gap. The HOMO 
level is estimated to be at —7.10 eV and the LUMO level to be 
at —4.77 eV. These loW lying MO energy levels alloW for 
facile electron injection. 

To demonstrate the effectiveness of CNZPDI as a strong 
oxidant, the spectrum of this compound Was monitored in the 
presence of an oxidizable species. For example, a 10'5 M 
solution of CNZPDI in dry DMF shoWs an absorption feature 
at 691 nm, indicating that about 15% of CNZPDI is converted 
to CN2PDI'_ under ambient oxygenated conditions. Bubbling 
dry N2 through the solution for 15 min produces a dramatic 
increase in the intensity of the CN2PDI'_ spectrum, indicating 
about 60% conversion to the radical anion. Since DMF typi 
cally contains a small amount of N,N-dimethylamine due to 
decomposition, it is possible that CNZPDI oxidizes the amine. 
The aminium radical cation decomposes rapidly, yielding a 
proton, Which is the counterion for the stable CN2PDI'_. This 
same effect can be observed in toluene, Which is not oxidized 

by CNZPDI, by adding a small amount of triethylamine to the 
toluene solution. While the ?rst reduction potential of 
CNZPDI is very similar to the Well-known oxidant, chloranil 
(E[A/A_]:0.02 V vs SCE), the radical anion and dianion of 
CNZPDI, unlike the reduced chloranil species, are excellent 
chromophores themselves and are not susceptible to decom 
position through irreversible protonation reactions. More 
over, both CNZPDI and CN3PMI are signi?cantly easier to 
reduce than C6O (E[A/A_]:—0.38 V vs SCE), Which is a typi 
cal electron acceptor in organic materials. 
The ?lm-forming properties ofCN2PDI Were examined by 

X-ray diffraction, AFM, and SEM. (See, FIGS. 6-8.) Depend 
ing on chemical nature of the system, highly ordered or amor 
phous ?lms can be produced as a function of deposition 
method (evaporation, spin-coating, casing), substrate tem 
perature, and/or substrate pretreatment. For small molecules 
it is Widely accepted that evaporation gives higher quality 
?lms; hence, analysis of the folloWing ?lms. X-ray diffraction 
reveals a d-spacing Within the ?lm of 17.9 A. Based on a MM 
geometry optimization calculation, the length of these mol 
ecules is 22 A. The tilt angle to the substrate normal is thus 
353°. AFM data shoWs that ?lms groWn on a pretreated 900 
C. substrate give the smoothest, most contiguous morphol 
o . 

g1 top-contact con?guration Was used to fabricate ?eld 
effect transistor devices. The semiconductor mixture Was 
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vacuum-deposited on top of HMDS-treated Si/SiO2 sub 
strates kept at the temperature (TD) of 25 and 90° C. The 
electrical measurements Were performed under vacuum 
(~10'4 Torr), Nzcg), and in ambient atmosphere. The FET 
devices of this invention Were fabricated as provided above 
and further described in US. Pat. No. 6,608,323, in particular 
Example 16 and FIG. 8 thereof, the entirety of Which is 
incorporated herein by reference. 

FIG. 9 shoWs typical drain-source current/voltage plots of 
CNZPDI operating at different gate bias in three atmospheric 
conditions. For purposes of comparison With other organic 
FETs, the mobilities Were calculated by standard ?eld effect 
transistor equations. In traditional metal-insulator-semicon 
ductor FETs (MlSFETs) there is typically a linear and satu 
rated regime in the IDS vs VDS curves at different VG. At large 
VDS the current saturates and is given by equation (1) 

(lns)m:( PVC/20M VG- V02 (1) 

Where L and W are the device channel length and Width, 
respectively, Cl- is the capacitance of the insulator (1><10_8 
F/cm2 for 300 nm SiO2). The mobility (u) and the threshold 
voltage (Vt) can be calculated from the slope and intercept, 
respectively, of the linear section of the plot of VG versus 
(lm,)l/2 (at VSd:—100 V). From these data n-type mobilities 
approaching 0.1 cm2/Vs, current on/ off ratio of 105, andVt of 
~14 V Were obtained in vacuum and N2 atmospheres. Upon 
operation in air, mobilities of 0.05 cm2/V s Were obtained. 
Optimization of ?lm groWth and materials puri?cation Will 
doubtless yield far higher mobilities. 

The results With PDl-CN2-derived OFETs (see beloW) sug 
gested synthesis of another representative PDI derivative With 
additional electron-Withdrawing substituents and greater 
volatility, e.g., an N-?uoroalkylsubstituted diimide desig 
nated PDl-FCN2. 

PDI-CNZ: R I m 

This compound Was synthesiZed using modi?cations of lit 
erature core cyanation and N-?uoroalkylation procedures, 
and Was characteriZed by heteronuclear NMR, mass spec 
trometry, optical absorption spectroscopy, photolumines 
cence, cyclic voltammetry, thermogravimetric analysis, and 
single-crystal x-ray diffraction. The electrochemical and 
optical data (Table 2) reveal further depression of the LUMO 
level vs. PDl/PDl-CN2, While TGA indicates quantitative 
sublimation. 
As mentioned above, for both PDI materials, a 1.1 mixture 

of isomers (cyanated at the 1,7 or 1,6 positions) is indicated 
by NMR, hoWever this characteristic is found to be inconse 
quential for spectroscopic, electronic structural, and solid 
state charge transport properties (veri?ed by measurements 
on small quantities of the pure 1,7 isomer). Single crystals of 
PDl-FCN2 Were groWn by sublimation, and the crystal struc 
ture (FIG. 12) reveals a slightly tWisted polycyclic core (tor 
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12 
sional angle of ~5°) With slip-stacked face-to-face molecular 
packing and a minimum interplanar spacing of 3.40 A. This 
motif appears to alloW considerable intermolecular J'lZ-J'IZ over 

lap, resulting in good charge transport properties (see beloW). 
The positions of the disordered cyano substituents argues that 
this structural feature does not greatly affect packing. 

TABLE 2 

Electronic and OFET characteristics 
of perylene diimide derivatives. 

7M7: Mm Eu)? E(227 2 ll 1 1 Ion/ 
Compound (nm)" (nm)" (V) (V) (cm V’ s’) 1017 

PDI-CN2 530 547 —6.07 —0.40 0.10 105 
PDI-FCN2 530 545 +0.04 —0.31 0.64 104 

“measured in THE (10’5/104 M) 
brneasured in 0.1 M TBAPF6 solution in TH1: vs. S.C.E. 

For purpose of comparison, top-contact con?guration 
OFETs Were fabricated, as described beloW, With vapor-de 
posited PDI ?lms (10-6 Torr, 0.2 A/ s groWth), and mobilities 
determined in the saturation regime by standard procedures. 
[a) A. Facchetti,Y. Deng, A. Wang,Y. Koide, H. Sirringhaus, 
T. J. Marks, R. H. Friend, Angew. Chem. Int. Ed. Engl. 2000, 
39, 4547; b) A. Facchetti, M. Mushrush, H. E. KatZ, T. J. 
Marks,Adv. Mater 2003, 15, 33; c) A. Facchetti, M.-H.Yoon, 
C. L. Stern, H. E. KatZ, T. J. Marks, Angew. Chem. Int. Ed. 
Engl. 2003, 42, 3900.] The microstructures and mobilities of 
the vapor-deposited ?lms are found to be sensitive to sub 
strate temperature during groWth. Due to the remarkable air 
stability of these materials, all data presented here Were 
acquired under ambient atmosphere (FIG. 13). PDl-CN2 
based OFETs display mobilities as high as 0.10 cm2V_1s_l, 
threshold voltages of ~15 V, and Ion/10f (+100 V/0 V) ~105, 
While PDl-FCN2 devices exhibit mobilities as high as 0.64 
cm2V_l s_l, threshold voltages betWeen —20V and —30V, and 
Ion/10f (+100 V/—60 V) as high as ~104. Such mobilities are 
the highest values reported to date. Devices stored and tested 
under ambient conditions exhibit negligible degradation in 
mobility, threshold voltage, or Ion/10f over the course of six 
months. 

The microstructure of the vapor-deposited thin ?lms Was 
analyZed by XRD, AFM, and SEM, With XRD revealing 
d-spacings in highest-mobility devices of 17.9 A and 20.3 A 
for PDl-CN2 and PDl-FCN2, respectively. From a geometry 
optimiZed, computed molecular length of 22.0 A for PDI 
CN2 (HyperchemTM 5.02, Hypercube, Inc., 1115 NW 4th 
Street, Gainesville, Fla. 32601, USA) and a crystallographi 
cally determined length of 22.8 A for PDl-FCN2, tilt angles 
relative to the substrate normal of 55° and 62°, respectively, 
are estimated. These results suggest favorable molecular ori 
entations for source-to-drain electrode charge transport. 
AFM and SEM analysis of ?lm morphology con?rms poly 
crystalline topographies With ribbon-like grains (~400-800 
nm long, ~100 nm Wide). Such large-grained polycrystalline 
features should promote charge carrier mobility via ef?cient 
J'lZ-J'IZ intermolecular overlap and minimization of trap sites. 

To investigate material versatility for applications, prelimi 
nary studies on bottom-contact OFETs and solution-cast 
?lms Were performed. The bottom-contact devices display 
air-stable mobilities from 10'3 to 10'4 cm2V_1s_l. PDl-FCN2 
transistors, like many ?uorinated organic semiconductors, 
can be used With alkane thiol treatment of gold electrodes to 
better match surface energies at the metal/ organic interface. 
Interestingly, PDl-CN2 devices function Without the aid of 
thiolated electrodes, retaining the ability of PDI to function 
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on unmodi?ed substrates. Top-contact devices fabricated 
from drip-cast ?lms are also air-stable and exhibit mobilities 
of 10'3 to 10'5 cm2V_ls_l. In contrast, solution casting of 
high-quality ?lms of PDI derivatives not having core func 
tionaliZation is dif?cult due to loW solubility in common 
solvents. 
One of the unique characteristics of such PDI systems is the 

presence of signi?cant charge carrier densities at VGIO V. 
Thus, OFET threshold voltages for these materials are at 
VG:—20 V to —30 V, With the absence of charge carriers then 
de?ning the ‘off state at —60 V, and classifying these devices 
as “alWays on” transistors. In some cases, the presence of 
charge carriers beloW VGIO V can be reversed by exposure to 
an oxidant, and for our devices, I2 vapor increases the thresh 
old voltage to >—5 V and decreases the I SD at VGIOV by up to 
an order of magnitude. 
Of particular note is the air-stability of operation for PDI 

FCN2 and PDI-CNZ-based OFETs. It is thought that ambient 
stability in n-type organic semiconductors bene?ts from elec 
tron-Withdrawing ?uorinated substituents, Which electroni 
cally stabiliZe the charge carriers as Well as promote close 
packing via ?uorocarbon self-segregation. Judging from the 
present redox potentials, the charge carriers are not initially 
expected to be thermodynamically stable With respect to 
O2(g); hoWever, the close-packed ?uorine functionalities 
may help provide a kinetic barrier to oxidation. The strategic 
cyanation of PDI produces air-stable N-?uoroalkyl and 
N-alkyl materials, presumably re?ecting carrier stabiliZation 
in the very loW-lying LUMOs. 
As shoWn above, this invention provides solution process 

able, polycyclic n-type organic semiconductors With high 
carrier mobility and air-stable OFET operation. Notable 
properties re?ect a combination of electron WithdraWing 
functionality at the core and/or imide positions. In particular, 
Without limitation to any one theory or mode of operation, 
cyano substitution provides solubility for solution processing 
and stability of negatively charged polarons by loWering the 
LUMO to resist ambient oxidation. Likewise, electron-With 
draWing N-functionalities are believed to aidpolaron stability 
by further loWering the LUMO energies, but may also induce 
close molecular packing for increased intermolecular J's-over 
lap and more e?icient charge transport. With the rich chem 
istry for PDI functionaliZation available, various other deriva 
tivesias Would be knoWn in the art by those aWare of this 
inventionishould prove informative in elucidating struc 
ture-function relationships in organic n-type electronics. 

EXAMPLES OF THE INVENTION 

The folloWing non-limiting examples and data illustrate 
various aspects and features relating to the compounds, 
devices and/or methods of the present invention, including 
the use of various mono- and diimide, N- and core-substituted 
perylene and/ or naphthalene compounds as n-type semicon 
ductors and/or in conjunction With ?eld effect transistor 
devices. Such substituted compounds are available through 
the synthetic methodologies described herein. While the util 
ity of this invention is illustrated through the use of several 
such compounds, it Will be understood by those skilled in the 
art that comparable results are obtainable With various other 
compounds, substituents, and/or substitution patterns, via 
precursor compounds either commercially available or as 
described in the literature and substituted as provided herein 
or using knoWn reagents and straightforWard variations of 
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14 
such synthetic techniques, as Would be understood by those 
skilled in the art made aWare of this invention. 

General Information for characteriZation of CNZPDI, 
CNPMI and CN3PMI. lH nuclear magnetic resonance spec 
tra Were recorded on a Varian 400 MHZ NMR spectrometer 
using TMS as an internal standard. Laser desorption mass 
spectra Were obtained With a Perseptive BioSystems time-of 
?ight MALDI mass spectrometer using a 2-hydroxy-1-naph 
thoic acid or dithranol matrix. 

Spectroscopy. Absorption measurements Were made on a 

ShimadZu (UV-1601) spectrophotometer using 0.2 cm path 
length cuvettes. Fluorescence quantum yields Were obtained 
by integrating the ?uorescence emission bands from each 
compound and rhodamine 640 using corrected spectra 
obtained on a PTI photon-counting spectro?uorimeter With 1 
cm path length cuvettes. The absorbance of each sample was 
<01 at the excitation Wavelength. 

Electrochemistry. Electrochemical measurements Were 
performed using a CH Instruments Model 660A electro 
chemical Workstation. The solvents Were butyronitrile con 
taining 0.1 M tetra-n-butylammonium perchlorate or 
hexa?uorophosphate electrolyte. A 1.0 mm diameter plati 
num disk electrode, platinum Wire counter electrode, and 
Ag/AgxO reference electrode Were employed. The ferrocene/ 
ferrocinium (Fc/Fc", 0.52 vs. SCE) Was used as an internal 
reference for all measurements. 

Spectroelectrochemistry. Spectroelectrochemical mea 
surements Were performed in the homemade quartZ cell illus 
trated in FIG. 10. The cell consists of a 1 mm path length 
rectangular screW top spectrophotometric cuvette that is 
screWed into the bottom of a Te?on beaker. Platinum gauZe, 
100 mesh, Woven from 0.07 mm diameter Wire Was used as a 

transparent Working electrode. The electrode Was placed in 
the 1 mm spectrophotometric cell and connected to the poten 
tiostat (CH Instruments Model 660A) output by a platinum 
Wire. The platinum Wire counter and silver Wire reference 
electrodes Were placed in the Te?on reservoir, Which held a 
solution of 0.1 M tetra-n-butylammonium perchlorate or 
hexa?uorophosphate in butyronitrile. The electrochemical 
Workstation controlled the potential of the Working electrode, 
and a ShimadZu 1610A UV-VIS spectrometer obtained the 
absorption spectra of the redox species. All electrochemical 
measurements Were carried out under a blanket of argon. A 

series of absorption spectra of the samples Were taken until 
the potential induced spectral evolution Was complete, Which 
usually took 7 or 8 minutes. 

Example 1 

N,N-bis(cyclohexyl)-1,7-dicyano-perylene-3,4:9,10-bis 
(dicarboximide) (CNZPDI). N,N-bis(cyclohexyl)-1,7-di 
bromo-perylene-3,4:9,10-bis(dicarboximide) (0.048 g, 0.07 
mmol), Zinc cyanide (0.065 g, 0.55 mmol), 1,1'-bis(diphe 
nylphosphino)-ferrocene (0.005 g, 0.01 mmol) and tris 
(dibenZylideneacetone)-dipalladium(0) (0.010 g, 0.01 mmol) 
Were combined in 4 ml p-dioxane and re?uxed for 19 hours 
under a nitrogen atmosphere. The crude product Was diluted 
With chloroform, ?ltered through Celite, and the solvent 
removed on a rotary evaporator. The crude product Was chro 
matographed on a silica column using 98% DCM/2% acetone 
as the eluent to yield 0.041 g product CNZPDI (theory 0.041 
g, quantit). 1H NMR (CDCl3): 9.692 (d, J:8.1 HZ, 2H), 8.934 
(s, 2H), 8.888 (d, J:8.1 HZ, 2H), 5.025 (m, 2H), 2.533 (m, 
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4H), 1.931 (m, 4H), 1.755 (m, 6H), 1.504 (m, 4H), 1.329 (m, 
2H). M.S.(El): Calcd. for C38H28N4O4: 604.2105. Found: 
604.2108. 

Example 2 

N-(2, 5-di-tert-butylphenyl)-9-cyano-1 ,6-bis(3, 5 -di-ter‘t 
butylphenoxy)-perylene-3,4-dicarboximide (CNPMI). N-(2, 
5 -di-tert-butylphenyl)-9-bromo- 1 ,6-bis(3 ,5 -di-tert-bu 
tylphenoxy)-perylene-3,4-dicarboximide (0.100 g, 0.10 
mmol), Zinc cyanide (0.047 g, 0.40 mmol), 1,1'bis(diphe 
nylphosphino)-ferrocene (0.009 g, 0.02 mmol) and tris 
(dibenZylideneacetone)-dipalladium(0) (0.003 g, 0.003 
mmol) Were combined in 10 ml p-dioxane in a 25 ml round 
bottom ?ask and heated to re?ux for 36 hours under a N2 
atmosphere. Upon cooling to room temperature, the crude 
reaction mixture Was diluted With chloroform, Washed tWice 
With Water, and the solvent removed on a rotary evaporator. 
The crude product Was ?ash chromatographed on a silica 
column using a 65% hexanes/ 35% chloroform mixture as the 

eluent to afford 0.094 g product (CNPMI) (theory 0.094 g, 
quantitative). 1H NMR (CDCl3): 9.525 (d, 1:87 HZ, 1H), 
9.422 (d, 1:82 HZ, 1H), 8.342 (d, J:7.4 HZ, 1H), 8.281 (s, 
2H), 8.021 (d, 1:82 HZ, 1H), 7.844 (t, J:8.1 HZ, 1H), 7.516 
(d, 1:86 HZ, 1H), 7.394 (d, J:8.7 HZ, 1H), 7.305 (s, 2H), 
7.020 (s, 4H), 6.952 (s, 1H), 1.2-1.4 (s, 72H). M.S.(El): 
Calcd. for C65H7ON2O4: 942.5330. Found: 942.5320. 

Example 3 

N-(2,5-di-tert-butylphenyl)-1,6,9-tricyano-perylene-3,4 
dicarboximide (CN3PMI). N-(2,5-di-ter‘t-butylphenyl)-1,6, 
9-tribromo-perylene-3,4-dicarboximide (0.082 g, 0.11 
mmol), Zinc cyanide (0.156 g, 1.33 mmol), 1,1'bis(diphe 
nylphosphino)-ferrocene (0.009 g, 0.02 mmol) and tris 
(dibenZylideneacetone)-dipalladium(0) (0.004 g, 0.004 
mmol) Were added to 5 ml p-dioxane and heated to re?ux for 
16 hours under a N2 atmosphere. The reaction mixture Was 
diluted With methylene chloride, ?ltered through Celite, and 
the solvent removed on a rotary evaporator. The crude product 
Was ?ash chromatographed on a silica column using methyl 
ene chloride as the eluent to give 0.062 g product CN3PMI 
(theory 0.064 g, 97%). 1H NMR (CDCl3): 9.603 (d, 1:88 HZ, 
1H), 9.532 (d, 1:73 HZ, 1H), 9.048 (s, 2H), 8.638 (d, 1:73 
HZ, 1H), 8.248 (d, J:7.3 HZ, 1H), 8.096 (t, 1:73 HZ, 1H), 
7.608 (d, 1:88 HZ, 1H), 7.495 (d, 1:88 HZ, 1H), 6.967 (s, 
1H), 1.328 (s, 9H), 1.283 (s, 9H). M.S.(El): Calcd. for 
C39H28N4O2: 584.2207. Found: 584.2199. 

Example 4 

Oxidation Experiment. A 10_5M solution of CNZPDI in 
dry DMF under ambient oxygen conditions Was placed in a 
cuvette and the spectrum Was recorded by a ShimadZu 1601 
uv-vis spectrophotometer. The solid line in FIG. 11 is that 
spectrum. Dry N2 Was bubbled into the cuvette over a period 
of 15 min. Spectra Were recorded about every 3 min and are 
shoWn in the succession of traces that are dotted and dashed in 
FIG. 12. The most intense band at 691 nm occurs after the full 
15 min of N2 purging of the cuvette. 

This invention shoWs that proper combination of core and 
imide substituents in arene diimides affect molecular and 
solid-state properties affording materials With unique prop 
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erties. The results illustrate the relationship betWeen molecu 
lar functionality, substituent electronic effects, and air-stabil 
ity of the corresponding FET devices. The methods of 
synthesis and separation can be used to improve device per 
formance. This class of arene diimides and/or speci?c com 
pounds thereof are extremely promising materials for novel 
applications in electronics, photonics, and opto-electronics. 

Pertaining to examples 5-12, 1H NMR spectra Were 
recorded on a Varian 400 MHZ NMR spectrometer using 
TMS as an internal standard. Laser desorption mass spectra 
Were obtained With a Perseptive BioSystems time-of-?ight 
MALDI mass spectrometer using a dithranol matrix. Solvents 
and reagents Were used as received. Flash and thin-layer 
chromatography Was performed using Sorbent Technologies 
(Atlanta, Ga.) silica gel. All solvents Were spectrophotomet 
ric grade. Toluene Was puri?ed by CuO and alumina columns 
(GlassContour). 

Optical absorption measurements Were made on a Shi 
madZu (UV-1601) spectrophotometer using 1.0 cm path 
length cuvettes. Fluorescence quantum yields Were obtained 
by integrating the ?uorescence emission bands from each 
compound and rhodamine 640 using corrected spectra 
obtained on a PTI photon-counting spectro?uorimeter With 
1.0 cm path length cuvettes. The absorbance of each sample 
was <01 at the excitation Wavelength. 

Electrochemical measurements Were performed using a 
CH Instruments Model 660A electrochemical Workstation. 
The solvent Was tetrahydrofuran containing 0.1 M tetra-n 
butylammonium hexa?uorophosphate electrolyte. A 1.0 mm 
diameter platinum disk electrode, platinum Wire counter elec 
trode, and Ag/AgxO reference electrode Were employed. The 
ferrocene/ferrocinium (Fc/Fc”, 0.52 vs. SCE) Was used as an 
internal reference for all measurements. 

Example 5 

Synthesis of N,N'-bis(1H,1H-per?uorobutyl)-1,7-di 
bromo-perylene-3,4:9,10-bis(dicarboximide). The reagent 
1,7-dibromoperylene-3,4:9,10-tetracarboxydianhydride Was 
prepared according to the literature. See, Ahrens, et al., J. Am. 
Chem. Soc, 2004, 126, 8284-8236. The dibromo compound 
(0.920 g, 1.67 mmol) Was combined With 20 mL l-methyl 
2-pyrrolidinone (NMP) and placed in a sonication bath for 20 
min. Next, 2,2,3,3,4,4,4-hepta?uorobutylamine (Fluoro 
chemicals/SynQuest Labs) in 15 mL NMP Was added, fol 
loWed by addition of acetic acid (0.684 g, mmol). The reac 
tion mixture Was heated to 85-900 C. for 7 h under a N2 
atmosphere. The contents Were cooled to room temperature, 
poured into 200 mL methanol, and placed in a —100 C. freeZer 
overnight. The red precipitate Was recovered by ?ltration, 
dried under a N2 stream, and chromatographed on silica 
(chloroform) to afford (1) the bis(per?uoro) compound 
(1.196 g, 78%). 1H NMR (CDCl3): 6 9.359 (d, 1:815 HZ, 
2H), 6 8.822 (s, 2H), 6 8.615 (d, 1:815 HZ, 2H), 6 5.009 (m, 
4H). M.S.: 912.51 (calcd. 909.88). 

Example 6 

Synthesis of N,N'-bis( 1 H, 1H-per?uorobutyl)-(1,7&1,6) 
dicyano-perylene-3,4:9,10-bis(dicarboximide). N,N'-bis 
(1H,1H-per?uorobutyl)-1,7-dibromo-perylene-3,4:9,10-bis 
(dicarboximide) (1.196 g, 1.31 mmol), Zinc cyanide (1.264 g, 
10.8 mmol), 1,1'-bis(diphenylphosphino)ferrocene (0.119 g, 
0.21 mmol), and tris(dibenZylideneacetone)-dipalladium(0) 
(0.041 g, 0.04 mmol) Were combined in 20 mL p-dioxane and 
re?uxed for 12 h under a N2 atmosphere. The reaction mixture 
Was then diluted With chloroform, ?ltered through Celite, and 








